PURPOSE. Intermediate and large drusen usually precede advanced age-related macular degeneration (AMD). There is little information about which genes influence drusen accumulation. Discovery of genetic variants associated with drusen may lead to prevention and treatments of AMD in its early stages. METHODS. A total of 3066 subjects were evaluated on the basis of ocular examinations and fundus photography and categorized as control (n ϭ 221), intermediate drusen (n ϭ 814), large drusen (n ϭ 949), or advanced AMD (n ϭ 1082). SNPs in the previously identified CFH, C2, C3, CFB, CFI, APOE, and ARMS2/HTRA1 genes/regions and the novel genes LIPC, CETP, and ABCA1 in the high-density lipoprotein (HDL) cholesterol pathway were genotyped. Associations between stage of AMD and SNPs were assessed using logistic regression. 
A ge-related macular degeneration (AMD) is a common, complex, chronic eye disease. 1 As a leading cause of vision loss in people older than 60 years, AMD currently affects more than 1.75 million individuals in the United States. This number is expected to increase by more than 50% to 3 million in 2020 due to aging of the population. 2 The most severe visual loss due to AMD occurs when the disease progresses to one of the two advanced forms: geographic atrophy (GA) or choroidal neovascularization (NV). 3 GA features well-demarcated borders of atrophy that develop as the macular neurosensory cells slowly degenerate. NV is characterized by the creation of new blood vessels beneath the retinal pigment epithelial (RPE) layer of the retina, which cause bleeding, subretinal fluid, and scarring of the macula. Although GA and NV are pathophysiologically and clinically distinct, 4 they have one common hallmark, which is drusen between the RPE and Bruch's membrane. 5 Drusen are extracellular deposits composed mainly of lipids and proteins, including esterified and unesterified cholesterol, apolipoproteins, vitronectin, amyloid, complement factor H, and complement component C3. 6 -11 Although the mechanism of drusen initiation and development is unclear, it has been hypothesized that age-related lipid accumulation in Bruch's membrane may induce early physiologic changes and lesions in the RPE. 12 These age-related lipid accumulations may then interact with other lipids, local ligands, or additional secreted self-aggregating proteins, such as the complement complex, to manifest as clinically detectable drusen. 5, 12 Genetic and environmental factors both contribute to the risk of developing AMD by various proportions during the early, intermediate, and advanced stages of this disease. 13 Cigarette smoking and higher body mass index (BMI) increase the risk of advanced AMD and its progression 14 -19 and also modify genetic susceptibility. 18, 20 At least two independent variants in the complement factor H (CFH) gene are associated with advanced AMD. [21] [22] [23] [24] [25] [26] Variants of several other genes in the alternative complement pathway, including CFB/C2, 24, 27 C3, 28, 29 and CFI, 30 also contribute to the risk of developing advanced AMD. The ARMS2/HTRA1 region on chromosome 10 confers a high risk of advanced AMD and is not in the complement pathway. 31, 32 Both CFH and the ARMS2/HTRA1 region have been related to large, soft, or cuticular drusen. [33] [34] [35] [36] Recently, in a well-powered, genomewide association study (GWAS), we reported that another noncomplement gene, a variant in the hepatic lipase gene LIPC, which regulates triglyceride hydrolysis and plasma high density lipoprotein cholesterol (HDL-c) levels, 37, 38 decreases the risk of advanced AMD. 39, 40 This finding unveils the involvement of proteins described in the plasma HDL pathway in the pathogenesis of AMD. Other genes in the HDL pathway, including CETP and ABCA1, may also be involved in the etiology of AMD. 39, 40 The APOE gene, a widely expressed cholesterol transporter, has been shown to be associated with AMD in some studies, but results are inconsistent. [41] [42] [43] [44] Although it is well known that lipids are major components of drusen, 11, 12 the effects of genetic variants in the recently identified HDL pathway genes on drusen development have not been previously reported. In this study, we analyzed the effects of HDL and LDL genes, ARMS2/HTRA1 and known genes in the complement pathway on intermediate and large drusen, as well as GA and NV, to investigate and compare their roles in these different stages of AMD.
MATERIALS AND METHODS

Study Population
Phenotypes for 3066 Caucasian subjects with DNA specimens in the Age-Related Eye Disease Study (AREDS) were evaluated. Each eye of a subject was categorized by using the Clinical Age-Related Maculopathy Staging System (CARMS) grades 45 based on the longitudinal records of ocular examination and fundus photography. Eyes were assigned to neovascular AMD (grade 5) if there was a history of any of the following: hemorrhagic retinal detachment, hemorrhage under the retina or retinal pigment epithelium, or subretinal fibrosis. Eyes with a record of GA, either in the center grid or anywhere within the grid and without any record of hemorrhage, were assigned to a grade 4. For eyes without any of the above signs of advanced AMD, grades were determined by the highest drusen category score 43, 44 among the longitudinal records. Eyes with large, soft drusen (Ն125m) and eyes with intermediate drusen (63-124m) were assigned to grades 3 and 2, respectively. The control group (grade 1) included eyes with either no drusen or only a few small drusen (Ͻ63m). The final grade for each subject was based on the eye with the most advanced stage of AMD.
This research complied with the Declaration of Helsinki and was approved by the Institutional Review Board.
SNP Selection
We assessed variants in lipoprotein metabolism genes, including a functional variant (rs10468017) in the hepatic lipase (LIPC) gene on 15q22, which was associated with advanced AMD with genome-wide significance (P ϭ 1.34 ϫ 10
Ϫ8
) in our previous GWAS 45 ; SNP rs1883025 in the ATP-binding cassette subfamily A member 1 (ABCA1) gene on 9q31; and SNP rs3764261 in the cholesterol ester transfer protein (CETP) gene on 16q21, which had suggestive associations with advanced AMD in previous GWAS 39, 40 and haplotypes in the apolipoprotein E (APOE) gene which have been reported to be associated with AMD. 41, 42 We also genotyped a nonsynonymous SNP rs10490924 in the ARMS2/HTRA1 q26 region of chromosome 10 which is associated with advanced AMD but not known to be related to the complement pathway. 31, 32, 47, 48 In addition, five known risk variants associated with advanced AMD in complement genes were genotyped: SNP rs1061170 in exon 9 of the CFH gene on 1q31, which results in a substitution of histidine for tyrosine (Y402H) in the protein sequence of CFH; SNP rs9332739 in the complement component 2 (C2) gene, which results in the amino acid change E318D in exon 7; SNP rs641153 in the complement factor B (CFB) gene, which results in an amino acid change at R32Q; SNP rs2230199 in the complement component 3 (C3) gene, which results in an amino acid change at R102G in exon 3; and SNP rs10033900 in complement factor I (CFI) on chromosome 4. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 47, 48 Genotyping DNA was extracted from blood samples of the participants. SNPs in the CFH, ARMS2/HTRA1, C2, C3, CFB, and CFI genes were genotyped at the Broad Institute Center for Genotyping and Analysis (iPLEX assay; Sequenom, San Diego, CA; http://www.sequenom.com/Genetic-Analysis/ Applications/iPLEX-Genotyping/iPLEX-Overview.aspx). For SNPs not compatible with the assay, such as APOE, and other SNPs newly reported to be associated with advanced AMD, including LIPC, CETP, and ABCA1 genes/regions, DNA samples were genotyped (TaqMan assay, with sequence detection on the Prism 7900; ABI, Foster City, CA; https:// products.appliedbiosystems.com/ab/en/US/adirect/ab?cmdϭcatNavigate2& catIDϭ601283). (49) 507 (53) 123 (47) 412 (50) Data are expressed as the number (percentage of total group), unless otherwise noted. (45) 414 (51) 473 (50) 148 (58) 432 ( (43) 326 (41) 396 (42) 91 (35) 333 (41) P ‫؍‬ 0.045 (12) 61 (8) 73 (8) 17 (7) 46 (6) rs1883025 ABCA1
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We implemented stringent quality control criteria for each SNP in our dataset. All the SNPs had a greater than 99% genotype call rate. The rates for missing SNPs genotyped on the two platforms (iPLEX and TaqMan) were similar. None of the SNPs was significant (P Ͻ 10 Ϫ3 ) in the Hardy-Weinberg equilibrium test or (P Ͻ 10 Ϫ3 ) in the differential missing tests between cases and controls. All quality control steps were performed using PLINK.
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Statistical Analysis
To analyze the genetic effects on different stages of AMD, we classified subjects into case and control groups by their worse eye grades. Subjects with a worse eye grade of 1 were used as the control group in all models. The allele frequencies of each SNP in the two drusen groups (intermediate drusen or large drusen; grade 2 or 3) and the allele frequencies in the advanced AMD group (GA or NV; grade 4 or 5) were compared with the allele frequencies in the control group. We tested associations between SNPs and each disease stage by logistic regression (SAS ver. 9.2; SAS, Cary, NC). SNPs were coded as 0, 1, and 2 by the number of risk alleles in the tests for linear trend. Demographic and behavioral covariates, including age (continuous), sex, education (less than or equal to high school or more than high school), smoking (never, past, or current), BMI (Ͻ25, 25-29.9, and Ն30), and randomized antioxidant treatment in AREDS were included in the models. Multivariate logistic regression models were used to further adjust for the known genetic factors, in addition to the demographic and behavioral factors. To estimate the effects of specific genotypes of LIPC and ABCA1 variants, we applied polytomous logistic regression in multivariate models.
RESULTS
Among the 3066 Caucasian participants, there were 221 controls with no drusen or only a few small drusen and 814 subjects with intermediate drusen, 949 with large soft drusen, 259 with GA, and 823 with NV. Subjects with GA or NV were classified as having advanced AMD. For each SNP evaluated, the number of participants included in the analyses varied slightly, depending on the genotype call rates, which were all greater than 99% in this study. The distributions of demographic and behavioral characteristics of the participants are listed in Table 1 . Numbers in tables may not equal totals due to missing information. Older subjects, those who smoked or had less than a high school education were more likely to have advanced AMD. Table 2 shows the genotype frequencies of variants in each gene separately for the controls and each case group, and also P values for tests for linear trend for the number of effective alleles for each SNP. With adjustment for demographic and behavioral factors, the associations between each SNP and large drusen for CFH (P ϭ 9.8 ϫ 10 Ϫ3 ), ARMS2/HTRA1 (P ϭ 6.3 ϫ 10 Ϫ5 ), ABCA1 (P ϭ 7.7 ϫ 10 Ϫ4 ), and LIPC (P ϭ 0.041) were significant. However, only ABCA1 (P ϭ
Ϫ4 ), C3 (rs2230199, P ϭ 1.1 ϫ 10 Ϫ4 ), CFB (rs641153, P ϭ 1.2 ϫ 10 Ϫ5 ), CFI (rs10033900, P ϭ 8.0 ϫ 10 Ϫ3 ), and ARMS2/HTRA1 (rs10490924 P ϭ 2.7 ϫ 10 Ϫ18 ) were confirmed. The genes LIPC (rs10468017 P ϭ 1.8 ϫ 10 Ϫ3 ) and ABCA1 (rs1883025 P ϭ 3.0 ϫ 10 Ϫ4 ) in the cholesterol/lipoprotein pathways were also significantly associated with advanced AMD. Associations between advanced AMD and CETP (rs3764261, P ϭ 0.09) and APOE (P ϭ 0.06) were not significant, but were in the same direction as previously reported.
To evaluate whether the associations between drusen and advanced AMD are independent of other genetic factors, we performed multivariate logistic analysis using the demographic and behavioral risk factors for AMD shown in Table 1 , plus all the genetic factors ( Table 3) . The relationship between the case groups and the number of effective alleles was assessed. Only the two HDL genes LIPC (P ϭ 0.04) and ABCA1 (P ϭ 6.9 ϫ 10 Ϫ3 ) were significantly related to intermediate drusen. LIPC (P ϭ 0.01), ABCA1 (P ϭ 7.8 ϫ 10 Ϫ4 ), CFH (P ϭ 1.7 ϫ 10 Ϫ14 ), ARMS2/HTRA1 (P ϭ 4.6 ϫ 10 Ϫ15 ), C2 (P ϭ 1.6 ϫ 10 Ϫ4 ), C3 (P ϭ 7.6 ϫ 10 Ϫ4 ), and CFB (P ϭ 0.01) were independently associated with advanced AMD. Similar or slightly weaker association signals were observed for these variants for NV, GA, and large drusen. The E4 allele in APOE was associated with NV (P ϭ 0.04). . The genetic effect of the T allele of ABCA1 (rs1883025) seems to fit an additive genetic model. Although the P values for both the LIPC and the ABCA1 genes were higher in the GA group than in the NV group, possibly because of the smaller sample size in the GA group, the estimates of the effects of these genes on GA and NV were similar.
We also tested the effects of interactions between the genetic factors in the complement pathway and genes in other pathways, on risk of drusen phenotypes and advanced AMD (Supplementary Table  S1 , http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-7070/-/ DCSupplemental). None of the gene interactions was significantly related to risk of drusen or advanced AMD. The present study may not have sufficient power to evaluate the small effects of interactions between the genetic variants.
DISCUSSION
In this study, we present novel findings that variants in the LIPC and ABCA1 genes in the HDL cholesterol/lipoprotein pathway are likely to be associated with drusen accumulation in the early stages of AMD. This study adds new information beyond the initial discovery, replication and evaluation of these two genes which assessed associations between advanced AMD or a combined phenotype and controls. 39, 40, 50, 51 We evaluated the effects of these genes on separate groups of early, intermediate, and advanced forms of AMD in a large cohort, and controlled for demographic and behavioral factors including age, sex, BMI, smoking, education, and antioxidant treatment and other genes related to AMD.
The SNP rs10468017, located in the promoter region of LIPC on chromosome 15, is a functional variant that regulates serum HDL levels by controlling expression level of LIPC. 52, 53 Serum HDL level was estimated to be 100 mol/L higher with each copy of the T allele at rs10468017 in a large GWAS study for dyslipidemia. 38 The T allele of rs1883025 in ABCA1, which is associated with decreased HDL levels, 38 is also inversely associated with the risk of developing intermediate drusen, large drusen, and advanced AMD in this study. Since the allele in ABCA1, which decreases HDL levels, and the allele in LIPC, which increases HDL levels, are both associated with decreasing risk of advanced AMD and drusen, it is not likely that these genes influence the risk of AMD through the same pathway(s) that regulate serum HDL levels. In our recent study, higher serum HDL was associated with lower risk of AMD, and LIPC was associated with reduced risk of advanced AMD, independent of serum levels of HDL, 51 suggesting that another mechanism is involved. LIPC 39 and ABCA1 54 have been shown to be expressed in the retina and RPE. 55 LIPC 56, 57 and ABCA1 58, 59 have also been synthesized and expressed in macrophages, which are the predominant cells involved in creating the progressive plaque lesions of atherosclerosis.
60 ABCA1 is believed to suppress atherosclerotic lesions as an anti-inflammatory receptor that exports cholesterol from arterial macrophages. 61, 62 Drusen may develop by a similar mechanism as atherosclerotic plaque, except that lipoproteins accumulated in Bruch's membrane are likely to be of intraocular origin. 63, 64 Macrophages have also been found in Bruch's membrane and are related to early and advanced AMD. 65, 66 Combining this evidence with our findings of an inverse association between LIPC and ABCA1 with drusen, it is possible that functional variants regulating expression levels of LIPC and ABCA1 promote cholesterol efflux, reduce the activation of the inflammatory pathway in subretinal macrophages, and result in less drusen accumulation. Figure 1 shows the absolute difference in the specific risk/ protective genotype frequencies of variants in CFH (Y402H), ARMS2/HTRA1, ABCA1, and LIPC relative to the genotype frequencies in the control group. The largest differences in TT genotype frequencies in the ABCA1 and LIPC genes are between the control stage and the intermediate drusen stage. For intermediate and large drusen GA and NV, there is little change in frequencies of the TT genotype in the ABCA1 and LIPC genes. This pattern of genotype frequencies in ABCA1 and LIPC is distinctive from the pattern in ARMS2/HTRA1 and the complement genes, in which the greatest frequency changes are seen between the stage of large drusen and advanced AMD (Fig. 1) . Our results suggest that the variants in the HDL genes are involved in drusen initiation and accumulation and that the complement pathway is activated later as a result of inflammatory responses due to drusen accumulation. However, we cannot exclude the possibility that genes in the complement pathway and ARMS2/HTRA1 are also involved in early stages of AMD, especially considering that so many protein products of complement-related genes constitute the makeup of drusen. It has been reported that variants in the CFH gene may cause basal laminar drusen in young adults, 67 and CFH has also been related to small, hard macular drusen in a sample with relatively young average age (30 -66 years) . 68 Most of the individuals with advanced AMD in our dataset with the risk alleles in CFH and ARMS2/HTRA1 are older subjects who had drusen before progression to advanced stages. As strong risk factors for the progression to advanced AMD, 20, 69 CFH and ARMS2/ HTRA1 may also have contributed to early-stage drusen accumulation when the patients were younger.
In our previous GWAS, 39, 40 there was some evidence that the A allele of rs3764261 in CETP increased the risk of advanced AMD (OR [95% CI] ϭ 1.12 [1.04 -1.20]), although this was not genome-wide significant (P ϭ 1.41 ϫ 10 Ϫ3 ). In the present study, the AA genotype at this locus is overrepresented in NV cases compared with the controls, indicating the same direction of genetic effect on this locus, controlling for demographic, behavioral, and other known genetic factors that were not included in our original GWAS. The E4 allele of APOE tended to reduce risk of NV; however, the magnitude of the effect in our sample was much smaller than previously reported. Subjects with the E4 allele (mean age, 78.54 Ϯ 4.97 years) were significantly younger (P ϭ 0.0014) than subjects without the E4 allele (mean age, 79.24 Ϯ 4.95, years) in this sample. Thus, it is possible that the protective effect of the E4 allele on NV is confounded by the selection pressure of APOE in older subjects.
Strengths of the study include the large, well characterized population of subjects in carefully defined AMD stages, recruited from various geographic regions around the United States; the standardized collection of risk factor information; direct measurements of height and weight; and classification of maculopathy by well-documented ophthalmic examinations and fundus photography. The phenotype grades were unlikely to be misclassified because they were assigned without knowledge of risk factors or genotype and were assigned based on phenotypic information from multiple diagnostic records. We evaluated early, intermediate, and advanced AMD stages and expanded the evaluation of the complicated genetic effects on AMD. Results suggest that a functional variant plays an important role during an early stage of AMD. Therefore, it would be helpful to collect samples across all spectra of the disease and analyses could be done separately for different stages. Prospective studies and larger independent samples are needed to confirm and expand upon these findings.
In conclusion, T alleles in two genes in the HDL pathway, LIPC and ABCA1, are protective for intermediate and large drusen phenotypes, as well as advanced AMD, independent of other genetic and environmental factors. These genes in the HDL pathway may play important roles in drusen accumulation in early and intermediate stages of AMD.
